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Editor: Ralf LudwigWater resources have an important role in maintaining ecological fuctions and sustaining social and eco-
nomic development. This is especially true in arid and semi-arid areas, where climate change has a large im-
pact on water resources, such as in Xinjiang, China. Using a combination of precipitation and temperature
bias correction methods, we analyzed projected changes in different hydrological components in nine
high-alpine catchments distributed in Xinjiang using the Soil and Water Assessment Tool (SWAT). The im-
pacts of elevation, area and aspect of the catchments were analyzed. The results suggested an overall
warming and wetting trend for all nine catchments in the near future, with the exception of summer pre-
cipitation decreasing in some catchments. The total runoff discharge, evapotranspiration and snow/ice
melting will generally increase. Warming temperature plays a more important role in the changes of each
hydrological component than increasing precipitation. However, northern Xinjiang was more sensitive toKeywords:
SWAT
RCP
614 M. Luo et al. / Science of the Total Environment 676 (2019) 613–626predicted precipitation changes than southern Xinjiang. These results also indicate that the overall in-
creases in water resources are not sustainable, and the impacts of climate change are associated with the
elevation, area and slope aspect of the catchments.
© 2019 Elsevier B.V. All rights reserved.Climate change
Water resources
Catchment1. Introduction
Global climate change and its impact on water resources have re-
ceived increasingly attention from societies across the world due to
the substantial environmental and the economic implications (Jasper
et al., 2004; Zhang et al., 2008). The Chinese Xinjiang Uygur Autono-
mous Region (hereafter Xinjiang) is a (semi-)arid region in Central
Asia. In Xinjiang, high-alpine environments are the source areas for riv-
ers that providewater for agricultural, industrial and domestic purposes
(Fang et al., 2015a; Liu et al., 2011). However, the provision of water by
the high-alpine rivers is expected to be altered substantially because of
climate change (Bradley et al., 2006). Consequently, water resource
management and allocation, which already create conﬂicts due to
water shortages and highly uneven spatial distribution, are expected
to become more problematic in the near future (Chen et al., 2011).
The General CirculationModels (GCMs) developed in the ﬁfth phase
of the Coupled Model Intercomparison Project (CMIP5) of the Intergov-
ernmental Panel on Climate Change (IPCC) are themost advanced tools
currently available for both present and future climate change projec-
tions (Wilby andWigley, 1997). However, due to their coarse resolution
(ca. 150–300 km), they do not allow the study of coupled climate-
hydrological systems at a regional scale (Lespinas et al., 2014). There-
fore, GCMs need to be downscaled to ﬁner resolutions (often
10–50 km), which results in Regional Climate Models (RCMs) at local
or regional scales (Yang et al., 2010). Although the RCMs perform better
in reﬂecting local climates, errors related to their GCM-origin remain
signiﬁcant (Chen et al., 2013b; Durman et al., 2001). For example,
RCM-simulated precipitation outputs generally overestimate low-
intensity rainfall and underestimate high-intensity rainfall
(Teutschbein and Seibert, 2012). Furthermore, as errors will transfer
to uncertainties in other model applications, the direct use of RCM-
outputs in hydrological impact studies remains challenging
(Casanueva et al., 2016; Fowler et al., 2007).
Therefore, preprocessing (via bias correction) of RCM-outputs
(mainly precipitation and temperature) is important. Several bias cor-
rection techniques have been developed in the last decades
(Teutschbein and Seibert, 2012): Linear Scaling (LS), Local Intensity
Scaling (LOCI), Daily Bias Correction (DBC), Daily Translation (DT),
Power Transformation (PT), Distribution Mapping (DM), Variance Scal-
ing (VARI) and Empirical Quantile Mapping (EQM). Some researchers
have evaluated the performances of these methods in different regions
(Fang et al., 2015a; Piani et al., 2010; Teutschbein and Seibert, 2012).
Chen et al. (2013a) compared the performances of six bias correction
methods to correct precipitation for ten catchments in North America.
Their results show that improving the RCM-simulated precipitation is
possible, but the performance of hydrological modelling depends on
the geographic location of catchments and the bias correction methods
used. Sunyer et al. (2015) applied bias correction methods to project
heavy precipitation in different catchments across Europe and used
the outputs to project river ﬂow (Hundecha et al., 2016). A systematic
difference of the projections was observed from different methods
which was dependent on the ﬂood regime. Teutschbein and Seibert
(2012) evaluated six bias correction methods (LS, LOCI, PT, VARI, DM,
Delta) in ﬁve catchments in Sweden. Technically demanding ap-
proaches, such as PT and DM methods performed better for discharge
simulations.
The hydrological model Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1998) was developed by the United States Departmentof Agriculture, Agricultural Research Service (USDA-ARS). It has been
used to predict discharge in a multitude of catchments globally
(Abbaspour et al., 2007; Baker and Miller, 2013; Grusson et al., 2015).
It was also successfully used to assess climate change impacts on
water resources for several catchments in Xinjiang, such as the Kaidu
Catchment (Ba et al., 2018; Fang et al., 2015b), Hotan Catchment (Luo
et al., 2017), Yarkant Catchment (Liu et al., 2016; Liu et al., 2017) and
Urumqi Catchment (Zhang et al., 2016). However, most studies only fo-
cused on speciﬁc locations andhad a limited spatial extent. Additionally,
the impacts of differences in elevation, location, latitude and area, have
not been considered thus far to the best of our knowledge.
Here, the combination of EQM-corrected precipitation and VARI-
corrected temperature was used to assess the climate change impacts
in nine catchments across Xinjiang using SWAT, representing differ-
ences in location, elevation and area size. The objective of this study is
to understand the impact of climate change on water resources in
Xinjiang.
2. Study area and used data
2.1. Study area
Xinjiang is situated in the arid and semi-arid part of Central Asia (Li
et al., 2011; Zhang et al., 2015), with mountainous and plain areas ac-
counting for 51.4% and 48.6%, respectively, of the total area (Du et al.,
2015). The three main mountain ranges, from north to south, are the
Altay (ALT) Mountains, Tianshan (TSH) Mountains and Karakoram
(KKM) Mountains (Luo et al., 2018a). These high-elevation areas form
the sources of numerous rivers. For this study we selected nine catch-
ments across Xinjiang: Haba (HB), Buerjin (BEJ), Sikeshu (SKS), Santun
(ST), Baiyang (BY), Tailan (TL), Kuche (KC), Yeerqiang (YEQ) andHetian
(HT) (Fig. 1). The areas of these catchments vary between 163.2 and
47,313.6 km2, representing small to large catchments in Xinjiang
(Table 1). The annual precipitation ranges from 191.7 and 596.2 mm,
with a south-north increasing pattern. Because of the high elevations
of the source areas, the catchments have mixed water supplies, mainly
from snow and glacier melt and rainfall (Wang and Cheng, 2000).
2.2. Meteorological and river discharge data
Observed daily precipitation, maximum and minimum tempera-
tures, wind speed, relative humidity, and RCM-simulated daily precipi-
tation, maximum andminimum temperatures were used for this study.
The observed meteorological data (2008–2011) for the nine selected
catchments were obtained from the China Meteorological Data Sharing
Service System (http://data.cma.cn/). The daily discharge data (2010
−2011) were provided by the Hydrology Bureau of Xinjiang Uygur Au-
tonomous Region. The RCM-simulated meteorological datasets of
HadGEM3-RA, SUN-MM5 and RegCM4 (http://www.cordex.org/
domains/region-7-east-asia/) were derived from the Coordinated Re-
gional Climate Downscaling Experiment (CORDEX) for the east Asian
domain (Giorgi and Gutowski Jr, 2015; Zou et al., 2016). The datasets
from CORDEX have been used by many researchers (Dosio et al.,
2015; Jacob et al., 2014; Pinto et al., 2018) and show successful applica-
tions for Xinjiang (Ba et al., 2018; Luo et al., 2018b). These RCM outputs
have a spatial resolution of 50 km. They were corrected with the ob-
served data for the period from 1965 to 2004. Then, the corrected pa-
rameters were applied to project the future climate for the period
Fig. 1. The location of the nine selected catchments in the Xinjiang Uygur Autonomous Region, China.
615M. Luo et al. / Science of the Total Environment 676 (2019) 613–6262021–2060. The future Representative Concentration Pathway (RCP)
emission scenarios, RCP 4.5 and RCP 8.5, representing the respective
medium and high emission scenarios, were considered for this study.
3. Methodology
3.1. Hydrological simulation
The SWAT model is a semi-distributed model that requires the fol-
lowing daily meteorological data: precipitation, maximum and mini-
mum temperatures, wind speed, relative humidity and solar radiation.
A Digital Elevation Model (DEM), land use/cover map and soil map are
also required. Available runoff discharge time series were used to cali-
brate and validate the model. In this study, the hydrological processes
of the nine selected catchments were simulated by using the SWAT
model. The meteorological data from the time period of 2008–2009
were used for the model warm-up. The performances of theTable 1
Description of the nine selected catchments in Xinjiang (statistics calculated over 2010–2011)
Location Name Area
(km2)
Precipitation
(mm yr−1)
Snow f
(mm y
ALT HB 5867.6 585.8 397.7
ALT BEJ 8500.0 571.5 413.8
KKM YEQ 47,313.6 301.9 225.3
KKM HT 42,873.9 191.7 160.1
NTSH SKS 942.8 586.5 493.1
NTSH ST 1709.0 334.0 170.6
NTSH BY 163.2 595.9 489.4
STSH TL 1370.9 596.2 149.8
STSH KC 2950.3 253.8 125.7hydrological model in these catchments were evaluated against the
daily discharges as shown in Fig. 2. The calibration and validation of
the SWAT model were based on the daily discharge values of 2010
and 2011, respectively. The performance of the modelling results was
evaluated by the goodness-of-ﬁt test (R2) and the Nash–Sutcliffe efﬁ-
ciency coefﬁcient (NSE), deﬁned as follows:
R2 ¼
∑ni¼1 Qsi−Qs
 
Qoi−Qo
 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∑ni¼1 Qsi−Qs
 2
∑ni¼1 Qoi−Qo
 2r ;0≤R2≤1; ð1Þ
NSE ¼ 1−∑
n
i¼1 Qoi−Qsið Þ2
∑ni¼1 Qoi−Qo
 2 ;−∞≤NS≤1; ð2Þ.
all
r−1)
Melting water
(mm yr−1)
ET
(mm yr−1)
Elevation
(m)
356.7 310.3 1821.2
432.2 110.5 2173.2
104.9 72.1 4420.3
163.7 42.8 4173.1
257.9 122.4 3029.8
80.7 206.7 2634.5
340.5 170.3 2702.6
130.0 139.5 3676.4
103.1 88.2 2564.5
Fig. 2. A comparison of the observed and simulated daily discharge for the nine selected river catchments.
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tively, with Qs and Qo corresponding to their average values.
3.2. Bias correction of RCM derived precipitation and temperature
In a previous study, seven bias correction methods for precipitation
and ﬁve methods for temperature were selected to correct the raw
RCM–outputs for the Kaidu Catchment (Luo et al., 2018b). The precipi-
tation correction methods included LS, LOCI, DBC, DT, PT, DM and
EQM, while LS, DT, VARI, DM and EQM were used to correct tempera-
ture. Thirty-ﬁve possible combinations of corrected precipitation and
temperature were applied to drive the SWAT model for daily discharge
simulation (Luo et al., 2018b). Based on the performance of the average
daily discharge simulation, the combination of EQM-corrected precipi-
tation and VARI-corrected temperature performed best compared to
other combinations. Further, both methods show a consistent perfor-
mance in different catchments (Chen et al., 2013a; Fang et al., 2015a).
Therefore, these twomethods were used to project the possible climate
change impacts for the nine selected catchments of this study. More de-
tailed descriptions of these two methods can be found in Luo et al.
(2018b), Teutschbein and Seibert (2012) and Chen et al. (2013b).
3.2.1. EQM method of precipitation correction
The EQMmethod was applied point-wise, and empirical cumulative
distribution functions (ecdfs) were constructed on a daily time-step to
generate possible distribution of climate variables (Vrac and
Friederichs, 2015). The EQM method produces possible ecdfs for both
wet and dry days of precipitation time series. The average values, stan-
dard deviations, and the frequency of precipitation occurrence are
corrected effectively in the EQM correction approach (Vormoor et al.,
2015). The corrected precipitation can be expressed as follows:
PcorHST;m;d ¼ ecdf−1OBS;m ecdfHST;m PHST;m;d
   ð3ÞPcorRCP;m;d ¼ ecdf−1OBS;m ecdfHST;m PRCP;m;d
   ð4Þ
where PHST, m, d and PHST, m, dcor denote the precipitation before and after
correction, respectively, in the historical period, while PRCP, m, d and
PRCP, m, dcor denote the precipitation before and after correction, respec-
tively, in the future period under different emission scenarios. The sub-
scripts m and d are the speciﬁc month and day, respectively. ecdf−1
represents the inverse of ecdf.
3.2.2. Variance scaling (VARI) of temperature correction
VARI is an effectivemethod to adjust both the average value and var-
iance of temperature series (Teutschbein and Seibert, 2012). The
corrected temperature can be calculated using Eqs. (5) and (6).
TcorHST;m;d ¼ Thst;m;d−μ Thst;m
    σm TOBS;m;d
 
σm THST;m;d
  ð5Þ
TcorRCP;m;d ¼ TRCP;m;d−μ TRCP;m
    σm TOBS;m;d
 
σm THST;m;d
  ð6Þ
where THST, m, d and TRCP, m, d denote the temperature in the histori-
cal and future periods, respectively, while THST, m, dcor and TRCP, m, dcor repre-
sent the corrected temperature in historical and future periods,
respectively. μ(∙) and σ(∙) represent the average value and standard de-
viation, respectively.
3.3. SWAT modelling using RCM predictions
To analyze the impact of future climate change on water resources,
themost straightforward approach is to run future climate data in a hy-
drological model to obtain the climate-changed hydrological results
(Steele-Dunne et al., 2008). In this study, the effects of climate change
on river discharges were estimated by investigating the differences
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after correction. The climate change signals were further added to the
driving climate series of the SWAT model to predict hydrological pro-
cesses under the future emission scenarios. The newly generated pre-
cipitation and temperature are described by Eqs. (7) and (8),
respectively.
PSWATRCP;m;d ¼ PSWATOBS;m;d 
PcorRCP;m;d
PcorHST;m;d
ð7Þ
TSWATRCP;m;d ¼ TSWATOBS;m;d þ TcorRCP;m;d−TcorHST;m;d
 
ð8Þ
where POBS, m, dSWAT and TOBS, m, dSWAT represent the observed precipitation and
temperature, respectively applied to drive the SWAT model. PRCP, m, dSWAT
and TRCP, m, dSWAT are the precipitation and temperature, respectively, with
future climate change signals, which would be used to further calculate
the relative changes in hydrological processes.
3.4. Sensitivity analysis
The sensitivity of water resources to climate change presents the re-
sponse level of a speciﬁc hydrological component to the changes in a
given climate variable or an emission scenario (Watson et al., 1996).
In our study, the hydrological components, such as discharge, evapo-
transpiration and snow melting, have been considered and can be
expressed as follows:
S ¼ HΔþRAW−HRAW
CΔþRAW−CRAW
ð9Þ
where HRAW and CRAW are the values of a hydrological component and
climate variable, respectively, in the current period; CΔ+RAW represents
the value of a changed climate variable under a certain emission sce-
nario,whileHΔ+RAW is the corresponding value of thehydrological com-
ponent. Higher S means larger sensitivity of the hydrological
component to the variation of a climate parameter. After sensitivity
analysis, the importance of each climate variable in water resource
changes can be understood (Lan et al., 2011).
4. Results
4.1. Hydrological modelling
The SWAT-simulated discharges correspond well with the observa-
tions for calibration and validation periods with both peak and low
ﬂows being captured well. The R2 values ranged between 0.83 and
0.94 for the calibration period and between 0.77 and 0.94 for the valida-
tion period across all nine catchments (Table 2). The NSE values ranged
between 0.67 and 0.92 for the calibration period and between 0.61 and
0.83 for the validation period. The satisfactory evaluation indicesTable 2
Statistics used to evaluate the SWATmodel performances for the nine selected river catch-
ments based on observed daily discharges.
Calibration Validation
R2 NSE R2 NSE
HB(ALT) 0.93 0.92 0.80 0.61
BEJ(ALT) 0.90 0.87 0.89 0.62
YEQ(KKM) 0.84 0.69 0.87 0.69
HT(KKM) 0.83 0.68 0.87 0.77
SKS(NTSH) 0.91 0.81 0.89 0.77
ST(NTSH) 0.94 0.89 0.87 0.69
BY(NTSH) 0.90 0.87 0.77 0.63
TL(STSH) 0.86 0.72 0.94 0.83
KC(STSH) 0.86 0.67 0.83 0.68reﬂected the good performance of the SWAT model in simulating hy-
drological processes in these catchments.
4.2. The comparison of bias corrected results for precipitation and
temperature
The performances of the three RCMs both before and after bias cor-
rection are presented in Fig. 3. The HadGEM3-RA outputs are signiﬁ-
cantly better than those of the other two models before correction.
After bias correction, however, the threemodels showed similar perfor-
mances in precipitation and temperature projections compared with
observations, with correlation coefﬁcients and amplitude of standard
deviations being close to 1, and root-mean-square errors being b0.5.
Furthermore, the ensemble results of the three RCMs were also com-
pared. Themean absolute error between differentmodels and ensemble
results were b4.68% and 2.59% for precipitation and temperature, re-
spectively. The results indicate the appropriateness of the selected bias
correction methods. Considering the possible uncertainty of a single
model, the climate change signals being calculated by ensemble results
of the three models are used to further analyze the climate change
impacts.
4.3. Precipitation and temperature trends for 2021–2060
The seasonal and annual precipitation changes under RCP 4.5 and
RCP 8.5 based on the EQM method are shown in Fig. 4. The vertical
bars represent the range of the changes calculated by different RCMs.
In general, the three models presented similar changes in different
catchments; therefore, the results will not be explained further. The an-
nual precipitation continuously increases in the nine selected catch-
ments, with higher increases always occurring under the RCP 8.5
scenario. The annual average increases in precipitation of the nine se-
lected catchments are 6.45% (1.36–10.89%) and 9.28% (7.01–11.13%)
under RCP 4.5 and RCP 8.5, respectively. The changes in spring
(March–May, MAM), summer (June–August, JJA), autumn (Septem-
ber–November, SON) and winter (December–February of the next
year, DJF) show large differences. In general, an increasing trend occurs
in spring, autumn and winter, with the exception of the HT Catchment
under the RCP 4.5 scenario. An obviously higher increasing ratio oc-
curred in winter compared with other two seasons. In summer, the
changing situation became more complex, and the three mountains
presented different trends under the two scenarios as well. The precip-
itation showed a decreasing trend for both catchments in the ALT
Mountains under RCP 4.5. Respective increasing and decreasing trends
in summer precipitation were simulated for the YEQ and HT Catch-
ments in the KKMMountains under RCP 4.5. In the TSH Mountains, an
increasing trend occurred for the KC and ST Catchments, while a de-
creasing trend was observed in the SKS, BY and TL Catchments under
RCP 4.5. The catchments in ALT Mountains showed a clear decreasing
trend in summer precipitation under RCP 8.5. However, an increasing
trend occurred in summer precipitation for the catchments located in
the KKM and TSH Mountains (but not the BY and HT Catchments)
under RCP 8.5. These results indicate that the precipitation changes
have spatial and temporal heterogeneity, especially in summer with di-
verse sensitivities for different scenarios.
VARI-corrected projections for all nine selected catchments exhibit a
signiﬁcant warming rate for both annual and seasonal temperatures
(Figs. 5 and 6). The average annualmaximum temperaturewill increase
by 1.90 °C (1.76–2.02 °C) and 2.33 °C (2.25–2.48 °C) under RCP 4.5 and
RCP 8.5 scenarios, respectively. The minimum temperature rises more
than the maximum temperature, with average increasing values of
2.02 °C (1.77–2.20 °C) under RCP 4.5 and 2.45 °C (2.36–2.62 °C) under
RCP 8.5 across all nine catchments. The result indicates that the diurnal
temperature range (DTR) will narrow in the near future in this region.
The temperature increases for catchments in the ALT and KKM Moun-
tains are more pronounced than those in the NTSH and STSH
Fig. 3. The performance of each RCM and the bias correction results for precipitation and temperature during 1965–2004 (P: precipitation; T: temperature).
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warming rankings. Except for the YEQ Catchment, the summer season
is expected to experience the largest warming (2.20–2.54 °C) in maxi-
mum temperature under RCP 4.5 and RCP 8.5, followed by autumn
(2.07–2.36 °C). For the minimum temperature, the most striking
warming will occur in winter (2.18–2.59 °C). These results show that
warming will mainly occur during the daytime in summer and during
the night in winter. For the YEQ Catchment, the highest warming will
occur in autumn for both maximum and minimum temperatures.
4.4. Simulated hydrological response under climate change scenarios
Fig. 7 shows the results of the annual and seasonal discharges across
the nine catchments. These results show the combined effects of the
changes in precipitation and temperature under different futureFig. 4. The projected precipitation change for the period 2021–2060 under RCP 4.5 and RCP 8.5 s
range of the changes calculated by different RCMs.emission scenarios. Climate change will increase the annual total dis-
charge in the nine selected catchments. The average increasing values
are 15.46% (0.37–41.04%) under RCP 4.5 and 18.85% (0.62–50.09%)
under RCP 8.5 across all nine selected catchments. In general, the catch-
ments in the ALTMountainswill have a relatively smaller change in an-
nual discharge, with average values ranging between 0.79% and 4.46%
under the two scenarios. In contrast, the catchments located in the
KKM Mountains will present a discharge increase at a rate of
20.33–24.01%. The catchments located on the northern and southern
slopes of the TSHMountainswill also experience obvious changes in an-
nual discharge. The catchments in the NTSH Mountains will have a
sharp change in discharge (28.00–31.90%) compared with catchments
in STSH Mountains (6.48–8.51%). When focusing on the discharge
changes in different seasons, all the catchments will experience strong
positive changes in discharge during the spring season (10.60–99.66%cenarios comparedwith the historical period (1965–2004). The vertical bars represent the
Fig. 5. The projected maximum temperature change for the period 2021–2060 under RCP 4.5 and RCP 8.5 scenarios compared to the historical period (1965–2004). The vertical bars
represent the range of the changes calculated by different RCMs.
619M. Luo et al. / Science of the Total Environment 676 (2019) 613–626under RCP 4.5, 12.46–133.84% under RCP 8.5). We attribute the acute
changes in spring to two reasons. Firstly, there is more snow accumula-
tion in winter and the increased temperature will lead to more snow-
melt water that supplies river discharge. Secondly, there will be more
rainfall in spring, which will feed river discharge directly. However,
the situation becomes more complicated in the other seasons. The HB
Catchment in the ALT Mountains presents a decreasing trend in sum-
mer, autumn and winter discharges, while the BEJ Catchment exhibits
a decreasing trend in summer discharge and an increasing trend inFig. 6. The projectedminimum temperature change for the period 2021–2060 under RCP 4.5 an
bars represent the range of the changes calculated by different RCMs.autumn and winter discharges. Except for winter discharge in HT, posi-
tive impacts are observed for the YEQ and HT Catchments in the KKM
Mountains in terms of discharge in the three seasons. In STSH, the dis-
charge in the TL Catchment exhibits a decreasing trend in summer
and winter, while it presents an increasing trend in autumn. However,
in the KC Catchment, the discharge in these three seasons will increase,
with only a slight decrease (−2.04%) in winter under RCP 4.5. In the
NTSH, the discharge in the SKS and ST Catchments will increase in dif-
ferent seasons, while a decreasing trendwill occur in the BY Catchmentd RCP 8.5 scenarios, when compared with the historical period (1965–2004). The vertical
Fig. 7. The projected discharge change in the nine selected catchments for the period 2021–2060 under RCP 4.5 and RCP 8.5 scenarios compared to the historical period (1965–2004). The
vertical bars represent the range of the changes calculated by different RCMs.
620 M. Luo et al. / Science of the Total Environment 676 (2019) 613–626during the summer and autumn. Interestingly, for all the nine selected
catchments, both the future emission scenarios yield a similar impact,
but with different intensities.
The response of evapotranspiration to the projected climate change
is shown in Fig. 8. In general, evapotranspiration presents an increasing
trend at both annual and seasonal scales. The positive changes in evapo-
transpiration range between 8.56% and 22.67% for all nine selected
catchments under RCP 4.5, with an average value of 14.58%. TheFig. 8. The projected evapotranspiration change in the nine selected catchments for the perio
(1965–2004). The vertical bars represent the range of the changes calculated by different RCMincreasing rates are even more pronounced under RCP 8.5, with an av-
erage value of 18.37% (11.49–24.37%). No obvious patterns can be at-
tached in the change rates for different seasons. Since precipitation
decreases will occur in some catchments during summer, the dual im-
pacts of changes in precipitation and evapotranspiration are likely to
cause a drier condition during summer in some regions.
Since the melting of snow is an important water resource in
Xinjiang, the ice-snow melt water (Fig. 9) and the changes in ice-d 2021–2060 under RCP 4.5 and RCP 8.5 scenarios compared with the historical period
s.
Fig. 9. The average snowmelt for the nine selected catchments under historical, RCP 4.5, and RCP 8.5 scenarios.
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alyzed. Because ice-snowmelting mainly occurs in spring and summer,
only the ice-snow melt water from March to August is presented in
Fig. 9. In general, the catchments will experience important increases
in ice-snow melting before the ice-snow melting peak. The ice-snow
melting peak changes were in 1.18–32.25%, 4.49–21.08%, 6.40–15.57%
and 7.32–23.93% for rivers in the ALT, KKM, STSH and NTSHMountains,
respectively. Because of the differences in the elevation between the
two catchments in the ALT Mountains, the peaks of the snowmelt
water occur in April and May for HB and BEJ, respectively. Since the
YEQ and HT Catchments in the KKMMountains are located at a higher
elevation than the other catchments, the ice-snow melting peaksFig. 10. The projected snowmelting change in the nine selected catchments for the period 2021–
The vertical bars represent the range of the changes calculated by different RCMs.occur much later in June. The discharge from ice-snow melt will de-
crease after June in HT. However, it will still increase in YEQ in July
and will only decrease after July. In the TSH Mountains, the KC and BY
Catchments have two melting peaks that occur in April and June, re-
spectively. The snowmelt water decreases after the snow melting
peaks in the TL, KC and BY Catchments as well (the second peaks for
KC and BY Catchments). Furthermore, the snowmelt water for the SKS
and ST Catchments in NTSH always increases during the entire snow-
melt period. The melting peak in the ST Catchment in NTSH Mountains
will also occur one month earlier.
In general, a positive impact was observed in ice-snow melting for
these alpine catchments except for TL in the STSH Mountains. The2060under RCP 4.5 and RCP 8.5 scenarios compared to the historical period (1965–2004).
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catchments were 11.59% (−7.61–38.49%) and 13.82% (−6.33–53.94%)
under RCP 4.5 and RCP 8.5, respectively. The HB and BEJ Catchments
in the ALT Mountains will have a relatively slower increasing ratio for
ice-snowmelting compared with the other catchments. When focusing
on the seasonal ﬂuctuations, positive and negative impacts are observed
in spring and summer ice-snowmelting, respectively, in the ALTMoun-
tains. The same patternwas also observed for HT in theKKMMountains,
KC in the STSH Mountains, and BY in the NTSH Mountains. For YEQ in
the KKMMountains and SKS and ST in the NTSH Mountains, a positive
impact was observed in both the spring and summer ice-snowmelting.
However, for the TL Catchment in STSH, snowmelting always exhibited
a decreasing trend, which can be attributed to the reduction in snowfall
caused by warming.
4.5. The sensitivity of hydrological components to climate change
To evaluate the impact of changes in climatic variables on different
hydrological components, the sensitivity of each hydrological compo-
nent with respect to climate change was further investigated by driving
the SWAT model with changes in precipitation and temperature sepa-
rately. The sensitivity of discharge with respect to climate change is
shown in Fig. 11. In general, the values of δD/δP ranged between 0.02
and 0.55 under RCP 4.5. The values show that when precipitation in-
creased by 1%, the discharge increased by 0.02–0.55% across the nine se-
lected catchments. However, the values became larger under RCP 8.5 in
most regions, indicating the discharge is more sensitive under scenarios
with larger precipitation changes. Furthermore, the discharge of catch-
ments in northern Xinjiangwasmore sensitive to precipitation changes
comparedwith those in southern Xinjiang. The sensitivities of discharge
with respect to temperature changes are very different compared with
precipitation. The values of δD/ΔT are less than zero (−2.24 to−0.56)
for the HB and BEJ Catchments in the ALT Mountains, while they are
larger than zero (0.20–17.31) for other catchments under RCP 4.5. The
rising temperaturewill cripple the total discharge in the ALTMountains,
but it will multiply the total discharge for TSH and KKM Mountains
under RCP 4.5. However, the values of sensitivities will decrease with
a relative higherΔT under RCP 8.5. The sensitivity value of the BY Catch-
ment in the NTSH Mountains will become negative. This indicated that
the increased discharge will level out or even tend to decrease with the
consistently rising temperature since the larger ΔT undergoes lower in-
creases or even decreases in total discharge. In addition, the discharge
had higher sensitivity to rising temperature as compared with increas-
ing precipitation.
The sensitivities of ice-snow melting and evapotranspiration in re-
sponse to climate change are exhibited in Figs. 12 and 13, respectively.
In general, the increases in precipitation and temperature will result inFig. 11. The ratio of discharge change relative to precipitation (δD/δP) and temperature (δD/ΔT)
period (1965–2004); δ and Δ represent the relative and absolute changes, respectively.more snow melting for all nine selected catchments under RCP 4.5 in
the study period. Snow melting is more vulnerable to temperature
changes, with values ranging between 5.02 and 9.47. The values of sen-
sitivity for precipitation ranged from 0.04 to 0.67 and from 0.28 to 1.23
under RCP 4.5 and RCP 8.5, respectively. The persistent rising tempera-
ture will not increase the ice-snowmelting since the values of sensitiv-
ity will become negative in some catchments under RCP 8.5.
Evapotranspiration is positively related to the increases in precipitation
and temperature under both RCP 4.5 and RCP 8.5. The evapotranspira-
tion presents greater sensitivity to the changes in temperature com-
pared with those in precipitation.
4.6. The changes in the proportion of each hydrological component
In fact, for the alpine catchments in Xinjiang, the impact of climate
change is more complicated because of the mixed ice-snow melt and
rainfall regimes. The changes in supplies of discharge are shown in
Fig. 14 based on the growing trend of warming andwetting for Xinjiang
under RCP 4.5 andRCP8.5 scenarios. The ratio of rainfall to discharge (R/
D) for theHB and BEJ Catchments in the ALTMountains exhibited an in-
creasing trend. The same trend with greater percentages was also ob-
served in the KKM Mountains. Interestingly, R/D for the catchments in
the TSH Mountains presents diverse trend. An increasing trend of R/D
was observed for the BY Catchment in NTSH and the TL and KC Catch-
ments in STSH. A decreasing trend of R/D was observed for the SKS
and ST Catchments in the NTSH Mountains. A lower ratio of S/P is ob-
served across all nine selected catchments (Fig. 14). However, the pro-
portion of evapotranspiration to precipitation (ET/P) indicated a
positive impact for the nine selected catchments.
To better understand the different impact of the changes in precipi-
tation and temperature, the separate impacts of each climatic variable
on hydrological components were investigated as well (Table 3). The
overall increasing precipitation crippled the rainfall percentages relative
to total discharge. The changing values of R/D ranged between−2.12%
and− 0.01%, with relatively higher absolute values observed in north-
ern Xinjiang. Since the rising temperature impacts snowfall and ice-
snow melting simultaneously, the impact of changing temperature is
different in these catchments. Except for the SKS and ST Catchments
in the NTSHMountains, the rising temperature will increase the impact
of rainfall on total discharge, especially in the catchments in the KKM
Mountainswith relatively higher elevation (N4 km). However, the rising
temperature will weaken the R/D, with ΔR/D values ranging between
−1.44% and −0.18% for the SKS and ST Catchments, respectively, in
the NTSH Mountains.
For S/P and ET/P, the changing precipitation and temperature exhibit
an adverse impact. The increases in precipitation contribute to the in-
creases in S/P, with ΔS/P reaching 1.88%. In addition, they have afor the 2021–2060 period under RCP 4.5 and RCP 8.5 scenarios compared to the historical
Fig. 12. The ratio of ice-snowmelt change relative to precipitation (δSM/δP) and temperature (δSM/ΔT) for the 2021–2060 period under RCP 4.5 and RCP 8.5 scenarios comparedwith the
historical period (1965–2004).
623M. Luo et al. / Science of the Total Environment 676 (2019) 613–626relatively greater impact on catchments in the ALT andNTSHMountains
(northern Xinjiang) than those in the KKMand STSHMountains (south-
ern Xinjiang). There is no doubt that the increasing temperature has a
negative impact on S/P, with values ranging between −10.16% and
−3.11% for the nine selected catchments. The changing precipitation
and temperature exhibit a negative and positive impact, respectively,
on ET/P. For the individual impact on ET/P, the precipitation increases
are able to reduce the ET/P (−2.16–0%), while the increased tempera-
ture increases the ET/P (2.33–9.16%). The changing trends of these pa-
rameters are in line with the trends caused by temperature rising,
which indicates a stronger impact from changes in temperature than
from those in precipitation.
5. Discussion
5.1. Spatiotemporal characteristics of climate change
In the last few decades, research on the impact of climate change on
water resources has increased. The main focus has been investigating
the impact of climate change on catchments of a speciﬁc region. The re-
gional similarities and differences of the impact of climate change
caused by other factors of a catchment, such as location, elevation and
area, have received much less attention (Lan et al., 2011).
Overall, the impact of climate change on the nine selected catch-
ments in this study showed strong spatiotemporal heterogeneities.Fig. 13. The ratio of evapotranspiration change relative to precipitation (δET/δP) and temperatur
historical period (1965–2004).The climate is likely to becomewarmer andwetter in these catchments,
while decreases in summer precipitation are likely for some catch-
ments, especially in the ALTMountains. Decreases in summer precipita-
tion were also simulated in a previous study (Luo et al., 2018a). With
increasing temperatures, the catchments in the ALT and KKM Moun-
tains will warm faster, which can partly be explained by the differences
in the latitude and elevation. According to previous studies, the temper-
ature changes will becomemore pronounced at higher latitudes and el-
evations (Hu et al., 2014; Luo et al., 2019; Xue et al., 2003). The reason
for the greater warming for catchments in the KKM Mountains com-
paredwith those in the TSHMountains is attributed to the elevation dif-
ferences. The average elevations of the two catchments in the KKM
Mountains are distinctly higher (N4 km) than those of the catchments
in the TSH Mountains, and the elevation dependence of warming is
higher than the latitude dependence. The results further support the va-
lidity of the bias correctionmethod used in this study. Furthermore, the
increases in minimum temperature are more rapid than those for max-
imum temperature, which results in a decline in DTR. The result is gen-
erally in line with what is observed for most land areas around the
world (Donat et al., 2013; Feng et al., 2018;Morak et al., 2013). Stronger
variations inminimum temperature than inmaximum temperature are
likely to be attributed to the increasing vapor and aerosol content of the
air (Wang et al., 2013). This reduces incoming solar radiation during the
day aswell as outgoing longwave radiation at night, causing a larger in-
crease in the minimum temperature (Shen et al., 2010).e (δET/ΔT) for the 2021–2060 period under RCP 4.5 and RCP 8.5 scenarios compared to the
Fig. 14. The percentage changes in rainfall relative to discharge (ΔR/D), snowfall relative to precipitation (ΔS/P) and evapotranspiration relative to precipitation (ΔET/P) under RCP 4.5 and
RCP 8.5 scenarios.
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catchment characteristics
The impact of climate change on the total discharge is different
across catchments. In general, the catchments located in the KKM and
NTSH Mountains will have relatively larger increases in total discharge
when compared with those in the ALT and STSH Mountains. The aver-
age changes in total discharge by the year of 2021–2060 are 0.79%,
20.33%, 28.00% and 6.48% for catchments in the ALT, KKM, NTSH and
STSH Mountains, respectively, under the RCP 4.5 scenario. This can be
attributed to the dependences of the impact on the location, area and el-
evation of the catchments. Larger catchments with higher elevation are
more sensitive to climate change. For example, the BEJ Catchment pre-
sents greater average changes (1.22%) in discharge than the HB Catch-
ment (0.37%) in the ALT Mountains. The changes in the YEQ
Catchment are also higher than the changes in the HT Catchment in
the KKM Mountains because of the differences in the elevation and
area. Previous studies also indicated that high alpine catchments will
experience the largest hydrological changes because of the important
role of glacier and snow in the water balance (Beniston et al., 2003;
Nijssen et al., 2001). However, the differences in the elevation and
area do not completely account for the variations in the impact of cli-
mate change, such as the SKS and BY Catchments in NTSH Mountains
and TL Catchment in the STSHMountains. Lan et al. (2011) investigated
the response of discharge to climate change in the Urumqi and Kaidu
Catchments on the northern and southern slopes of the TSHMountains.
Different sensitivities were also observed for the two catchments with
respect to the variations in precipitation and temperature. The results
indicate that the slope aspect of the catchments also affects the re-
sponses of catchment to climate change. The northern slope of theTable 3
The percentage changes in rainfall relative to discharge (ΔR/D), snowfall relative to pre-
cipitation (ΔS/P) and evapotranspiration relative to precipitation (ΔET/P) under separate
precipitation changes (RCP4.5_P) and temperature changes scenarios (RCP4.5_T) from the
RCP 4.5 scenario.
ΔR/D (%) ΔS/P (%) ΔET/P (%)
RCP4.5_P RCP4.5_T RCP4.5_P RCP4.5_T RCP4.5_P RCP4.5_T
HB (ALT) −0.65 2.57 0.73 −3.11 −1.89 5.28
BEJ (ALT) −0.71 3.14 0.82 −3.84 −1 2.46
YEQ (KKM) −0.01 7.26 0.01 −9.33 −0.52 3.01
HT (KKM) −0.17 5.38 0.32 −7.01 −0.05 2.33
SKS (NTSH) −0.85 −0.18 0.56 −5.39 −0.98 2.52
ST (NTSH) −2.12 −1.44 1.62 −10.16 −2.16 9.16
BY (NTSH) −1.29 2.28 1.88 −4.37 −1.75 6.66
TL (STSH) −0.11 1.81 0.2 −3.45 0 4.81
KC (STSH) −0.52 3.77 0.37 −6.86 −0.37 3.27TSH Mountains is the windward slope (Ji and Chen, 2012). The catch-
ments on the windward slope of the TSH Mountains are more sensitive
to climate change than the catchments on the leeward slope, likely be-
cause of the differences in water vapor sources, land cover, etc.
5.3. Sensitivity transformation
This study demonstrates that all nine selected catchments experi-
ence increases in the total discharge under the RCP 4.5 and RCP 8.5 sce-
narios. The total discharge is more sensitive to the rising temperature
than the increasing precipitation. This is easy to understand because
for the high alpine catchments in Xinjiang, the temperature does not
only affect the form of precipitation but also the volume of the snow-
melt water (Liu et al., 2017). In fact, both increases in precipitation
and temperature contribute to the increases in the total discharge,
with the exception of temperature increases for the catchments in the
ALT Mountains. Moreover, the total discharge in some catchments
even exhibits sensitive transformation (from positive to negative) for
higher increases in temperature under RCP 8.5. The same situation
was also found in some other alpine catchments around the world,
such as the Kaidu Catchment in Xinjiang (Fang et al., 2015b), the Zinal
and Thur Catchments in Switzerland (Huss et al., 2008; Jasper et al.,
2004) and the Athabasca Catchment in Canada (Shrestha et al., 2017).
The results indicated that the increases in discharge are not sustainable
in the study region. If the temperature continues to rise, the total dis-
charge will be reduced in the future. Fang et al. (2015b) observed that
the responses of discharge to temperature depended on the magnitude
of the temperature increases in the Kaidu Catchment in Xinjiang. The
discharge of the catchment will decrease when the temperature in-
creases are higher than 2 °C. We concluded that there are critical tem-
peratures for the sensitivity transformation in different catchments in
Xinjiang. Increased temperatures might reach critical temperatures for
the catchments in the ALT Mountains, even under the RCP 4.5 scenario.
Therefore, the changes in temperature always show a negative impact
on total discharge of the catchments in ALT Mountains.
5.4. Changes in different hydrological components
Even if the precipitation increases when the temperature does not
change, the R/D still decreases, which is attributed to uneven variations
in precipitation. Relatively larger increases in precipitation have been
projected in winter when compared with summer, with decreases pre-
dicted in some catchments. Therefore, more precipitation will occur in
the solid form under the precipitation change scenarios. The increased
S/P under the same RCP4.5_P scenario further demonstrates this view.
However, the impact of temperature increases is diverse for different
catchments. The possible reasons are as follows. The increased temper-
ature leads to greater water release from snow storage (Barnett et al.,
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pendence of discharge on ice-snow melt water. In addition, the rising
temperature results in more precipitation in liquid form. Therefore,
when the rising temperature results in more snowmelt water than
that transformed from snowfall to rainfall, the R/D ratio will increase
under the temperature change scenarios; otherwise, an inverse situa-
tion will occur. In arid and semi-arid Xinjiang, the water resources will
still increase in the near future. It is not difﬁcult to imagine that the in-
crease in the total discharge will not be sustained at the expense of the
decreases in solid water storage. The catchments in arid and semi-arid
regions in Xinjiangwill more strongly depend on rainfall with decreases
in S/P and solid water storage. These changes have a signiﬁcant impact
on water resource management and allocation, at both local and re-
gional scales.
6. Conclusions
This study evaluated the impact of climate change under RCP 4.5 and
RCP 8.5 emission scenarios on water resources in nine alpine catch-
ments in arid and semi-arid Xinjiang. Although the total discharge of
all nine selected catchments shows an overall increasing trend in the
near future, the impact of climate change on different hydrological com-
ponents indicated a strong spatiotemporal heterogeneity. The sensitiv-
ities of the impact of climate change are also highly dependent on the
area, elevation and slope aspect of the catchments. The following con-
clusions can be drawn:
(1) The SWAT model performed well for hydrological modelling on
both daily and monthly scales for the nine selected catchments,
with R2 and NSE values higher than 0.6.
(2) The annual precipitation experienced an overall increasing trend
of 1.36–10.89% and 7.01–11.13% under RCP 4.5 and RCP 8.5, re-
spectively, while summer precipitation decreased in some catch-
ments, especially in theALTMountains. The trendof temperature
changes depended on both latitude and elevation. Themaximum
temperature increased by 1.76–2.02 °C and by 2.25–2.48 °C
under RCP 4.5 and RCP 8.5, respectively, with the summer season
experiencing the strongest warming. Theminimum temperature
shows higher increases than maximum temperature, with in-
creased values of 1.77–2.20 °C under RCP 4.5 and of 2.36–2.62
°C under RCP 8.5 across all nine selected catchments.
(3) The annual total river discharge showed increases in the range of
0.37–41.03% under RCP 4.5 and 0.62–50.09% under RCP 8.5
across the nine selected catchments with strong spatiotemporal
heterogeneity. The most substantial increases in total discharge
will occur in spring, while decreases in total discharge may
occur in other seasons in some catchments. The catchments in
the ALT and STSH Mountains are less sensitive to the impact of
climate change compared with catchments located in the KKM
and NTSH Mountains. The area, elevation and slope aspect of
catchments will affect the intensities of the climate change im-
pact.
(4) ET will increase in the near future with a range of 8.56–2.67%
under RCP 4.5 and of 11.49–24.37% under RCP 8.5. Positive im-
pacts of climate changewill occur during snowmelting in spring,
while both positive and negative impacts will be expected for
summer snow melting in different regions.
(5) Both δP and ΔT have a positive inﬂuence on the total discharge,
while ΔT is associated with a higher sensitivity compared with
δP. Northern Xinjiang shows a higher sensitivity to δP than
southern Xinjiang. Each catchment has a critical temperature
for the sensitivity transformation (from positive into negative)
because of the continuous temperature rising.
(6) Finally, the proportion of each hydrologic component will also
change signiﬁcantly based on the results of this work. In general,
the dependences of the total discharge on rainfall will increasewith increased R/D. The S/P ratio presents a decreasing trend,
while the ET/P ratio shows an increasing trend.
In general, increases in water resources in the near future are not
sustainable since a large part of the increase is from the release of
solid water storages. After some decades, depending on the characteris-
tics of the catchment and climate change scenarios, the total discharge
of these catchments in Xinjiangwill drop below the current level. There-
fore, the impact of climate change will have a large impact on water re-
source management and allocation. Decision makers should, therefore,
formulate reasonable strategies according to the catchment characteris-
tics to adapt to the impact of climate change.
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